G-protein-coupled receptors constitute the largest transmembrane receptor family in human. They are generally activated on binding their specific ligands at the extracellular side of membranes. The signal carried by an agonist is then transmitted to the intracellular side through a conformational change of the receptor, which becomes competent to catalyse GDP/GTP exchange in the α-subunit of heterotrimeric G-protein. Since most of the G-protein-coupled receptors (rhodopsin-like subfamily) share a set of conserved amino acid residues in the transmembrane domain, it is probable that the ligand-triggered activation process involves a common mechanism of rearrangement of the hepta-helical transmembrane bundle. For understanding the nature of this event that is not yet characterized sufficiently, X-ray crystallographic studies of rhodopsin with or without light stimulation can provide valuable information. In rhodopsin, the initial cis-trans photoisomerization of retinal chromophore triggers the structural changes of transmembrane helices. This activation process has been characterized with some spectroscopically distinct photoreaction intermediates (batho, lumi, Meta I and Meta II). With recent advances in the conditions for crystallographic experiments, the diffraction limit of the rhodopsin crystals has been substantially extended. As a result, it becomes possible to detect small structural changes evoked after photoactivation under cryogenic conditions.
Introduction
A variety of physiological processes mediated by biological membranes involve heptahelical transmembrane receptors. In eukaryotic organisms, they constitute a large protein family termed as GPCRs (G-protein-coupled receptors). Owing to the lack of homologues in prokaryotes, structural studies on GPCRs are progressing very slowly. To date, only one experimental structure determination has been done on rhodopsin, a photoreceptor for scotopic vision [1] .
In general, GPCR is activated on binding of some specific diffusible molecule from the extracellular side of the membrane. The signal carried by the molecule is then transmitted to the intracellular side through conformational changes of the transmembrane helices. Whereas the ligand molecules for GPCRs are quite diverse, they all function to bind and activate heterotrimeric G-proteins. At least for the major subfamily of GPCRs, rhodopsin-like receptors that share a set of conserved amino acid residues, it is probable that a common mechanism of ligand-triggered rearrangement of the transmembrane region is employed.
We have been working on X-ray crystallography of bovine rhodopsin for elucidating the molecular mechanism of photoactivation. The 11-cis-retinal chromophore that is covalently linked to Lys-296 through protonated Schiff base holds the protein in a quiescent form. In this regard, it is recognized as an intrinsic inverse agonist in a pharmacological sense. After photon absorption, ultrafast cis-trans isomerization takes place in a femtosecond time scale [2] . Since the initial conformational/configurational change of retinal has to proceed within the same binding pocket that appears to be optimized for keeping the 11-cis form, significant steric distortions are expected in the retinal itself and interactions with the nearby amino acid residues. This is the key step storing a large amount of photon energy and using it for the subsequent activation process. For vertebrate rhodopsin, the photoreaction has been elucidated with a series of spectroscopically distinct intermediates, batho, lumi, Meta I and Meta II [3] . The Meta II form has an unprotonated chromophore and becomes competent to activate G-protein transducin.
Some related retinal proteins in prokaryotes have been investigated during recent years by X-ray crystallography [4] [5] [6] [7] . They all have reversible photocycle changing the chromophore from all-trans ground state to 13-cis and then going back to all-trans. The three-dimensional crystals of these retinal proteins were obtained by a novel lipidic-cubicphase methodology. Several of their photointermediates have been analysed with resolution higher than 2.5 Å (1 Å = 0.1 nm) [8] [9] [10] [11] . While those crystallographic studies provided valuable insights on the mechanism of light energy conversion, they are not directly applicable to the activation of rhodopsin and hundreds of GPCRs.
Advances in crystallization of rhodopsin
The quality of three-dimensional crystal is a critical factor for detecting the small structural changes expected during the first step in the photoactivation of rhodopsin. Whereas previous studies were successful in delineating most of the structural features of rhodopsin, there have been some problems in the crystals such as resolution limit and merohedral twinning. The best data for the ground state were slightly extended from 2.8 to 2.6 Å after the initial structure determination with almost the same crystallization procedure. Then we focused to improve the quality of crystals by extensively screening the conditions for both purification and crystallization.
Rhodopsin can be selectively extracted from the rod outer segment membranes using a combination of alkyl(thio)glucoside and 2B series bivalent cation [12] . Heptanetriol was also required to reduce the tendency to cause phase separation during crystallization. First, we changed the detergent from nonylglucoside to HTG (heptylthioglucoside) hoping that the shorter hydrocarbon chain might help better ordering of the crystal lattice. This mostly resulted in poorer appearance of crystals and we suspected the mixed micelle composed of HTG and heptanetriol was not appropriate. Since HTG is less probable to cause phase separation than nonylglucoside against ammonium sulphate, it appeared possible to exclude heptanetriol completely during all the process. Then we got crystals of similar appearance with the homogeneous HTG micelles as previous ones. Other changes that might help improving the quality of crystals are inclusion of a low concentration of neutralized sodium/potassium-silicate and PEG600 just before crystallization. As a result of these changes, the best crystal exhibited X-ray diffractions up to 2.0 Å (Figure 1 ) giving a data set of 2.2 Å resolution.
The number of unique reflections in the most recent data obtained after these progresses increased significantly compared with the previous ones as shown in Table 1 . We have deposited three co-ordinates of bovine rhodopsin, 1F88, 1HZX and 1L9H from 2000 to 2002 [1, 13, 14] . Practically, it is important that we can now find good crystals more frequently than before. This enables us to investigate the optimal conditions for detecting the small structural changes expected in the early photoreaction intermediates of rhodopsin.
Complete structure model of rhodopsin
In the current crystallographic model of bovine rhodopsin, all the 348-amino-acid polypeptide chain is constructed and refined against the data including the reflections to 2.2 Å . Two palmitoyl acyl chains at Cys-322 and Cys-323 and partial oligosaccharides at Asn-2 and Asn-15 are almost the same as the previous models. A pair of HTG molecules found on both extracellular and cytoplasmic sides appears to suggest the possible boundary of the transmembrane domain of rhodopsin.
The electron density of the 11-cis-retinal chromophore becomes much clearer at 2.2 Å resolution. The C6-C7 single bond, which has been controversially defined [15, 16] , is now assigned unequivocally to be cis configuration with a substantial twist of −30
• . In terms of functional implication, it is worth noting that the C11=C12 double bond is found to be significantly pretwisted in the ground state. Since conventional crystallographic refinement procedures do not support appropriate treatment of unusual structural parts of proteins that require quantum mechanical consideration, we have recently performed QM/MM calculations with a selfconsistent charge density functional tight binding method. While the unique features of 11-cis-retinal chromophore in rhodopsin described above are mostly confirmed by the independent QM/MM calculation, a few interesting differences are found in the arrangement of nearby amino acid residues between experimental and theoretical methods.
We have recently revealed the presence of some water molecules in the transmembrane domain of rhodopsin based on the X-ray diffractions up to 2.6 Å resolution [14] . Some of them are supposed to play functional roles for either photoactivation and/or photon absorption wavelength regulation. With the new data to 2.2 Å , further assignment of bound water molecules has been accomplished. In the binding site 1, which was previously found, a cluster of three water molecules were surrounded by helices I, II, III, VI and VII. Current model includes another one so that the total becomes four in this site. General importance of this site for the function of GPCRs was suggested from the experimental evidences on some GPCRs having cation-binding character.
Hydrogen-bonded network, mediated by water molecules, probably affects the stability and spectroscopic property of 11-cis-retinal protonated Schiff base chromophore in rhodopsin. We have previously proposed such a network in site 2 of the 2.6 Å resolution model (1L9H) [14] . Although it was anticipated that higher resolution data would detect more water molecules in this site, no changes of the hydrogenbonding network are found even with the current 2.2 Å resolution model.
The extracellular domains are highly structurally organized in the ground state of rhodopsin, having a stack of four β-strands in its centre. Two pairs of the strands are provided from the second extracellular loop (E-II) and N-terminal tail. The polyene chain of 11-cis-retinal chromophore is in direct contact with one of these stacked β-sheets. In the current crystallographic model of bovine rhodopsin, a set of water molecules are found mostly around the E-II loop. This is in stark contrast with the cytoplasmic surface region where no water molecules could be allocated with new data.
Future crystallographic studies on rhodopsin
To investigate the photoreaction intermediates of bovine rhodopsin, microspectrophotometric experiments are indispensable. We have already confirmed the formation of batho, lumi, Meta I and Meta II in the three-dimensional crystals as judged from the spectra in UV/VIS region [14] . More detailed characterization of these species would be done by recording IR spectral region as demonstrated recently for the two-dimensional crystals of bovine rhodopsin [17] . Batho and lumi intermediates were trapped under cryogenic conditions below 100 and 150 K respectively using almost the same solvent as the ground state. Since the transition dipole moment of the retinal chromophore in the crystal is aligned nearly within the plane normal to the long axis, efficient excitation of rhodopsin requires careful setting of the light source.
Calculation of the difference electron densities between the ground state and an intermediate becomes inaccurate as the merohedral twinning fraction increases in the crystal. Recent improvement of the crystallization conditions resulted in significant reduction in the probability of twinning, and the structure analyses of the intermediates become amenable even with medium resolution data. We have collected a number of data sets with or without excitation light and detected reproducible differences for both batho and lumi. Detailed analyses are now in progress to delineate the structural model for the light-induced primary structural changes in rhodopsin, which would be critical for efficient photon energy storage and conversion into the further full activation process.
The X-ray crystallographic studies of later intermediates Meta I and Meta II require more careful optimization of the experimental conditions. One of the reasons is that these two species are in equilibrium [18] and the other is that the formation of Meta II could break the crystal lattice [19] . Recent studies on the two-dimensional crystal of bovine rhodopsin showed that lateral crystal contacts limit the transition from Meta I to Meta II [17] . For our threedimensional crystal, crystal contacts are mediated mostly by the extracellular and cytoplasmic surface domains. Therefore it could be speculated that the lateral expansion of rhodopsin molecule leads to the formation of Meta II in the threedimensional crystal, which in turn affects the surface structure of rhodopsin.
An alternative to overcome the problems to trap stably the Meta II state is to crystallize some constitutively active mutants of rhodopsin overexpressed in a heterologous system. Significant efforts have been made to improve the quantity and quality of such a sample for structural analyses and the methodology has been utilized mostly for NMR studies of rhodopsin [20, 21] . We have been trying to apply these techniques to X-ray crystallography of rhodopsin and succeeded in obtaining two types of three-dimensional crystals, bipyramidal and rod-shaped ones for both wild-type and constitutively active mutant. Since these are similar in shape to that which have been observed for rhodopsin from rod outer segment membranes, further optimization of the various conditions would provide us with the structure of the active state of rhodopsin.
As mentioned in the previous section, there are some inconsistencies between the experimental crystallographic structure and the QM/MM theoretical model with regard to the chromophore-binding site. These concern the mechanism for stabilization of protonated Schiff base, which is of particular importance in terms of keeping the ground state in the quiescent form. Although the primary factor for the protonation state appears to be the distance between the Schiff base and the counterion Glu-113, some nearby polar amino acid side chains will also probably affect it. The precise definition of this site will await much higher resolution experimental data and/or computational advances that will treat much larger structure unit, not only for the ground state but also for the intermediates of rhodopsin.
Note added in proof (received 31 August 2004)
The 2.2 Å structure of rhodopsin has now been published [22] .
